Functional recovery is often poor despite the capacity for axonal regeneration in the peripheral nervous system and advances in microsurgical technique. Regeneration of axons in mixed nerve into inappropriate pathways is a major contributing factor to this failure. In this study, we use the rat femoral nerve model of transection and surgical repair to evaluate (1) the effect of nerve transection on the speed of regeneration and the generation of motor-sensory specificity, (2) the efficacy of electrical stimulation in accelerating axonal regeneration and promoting the reinnervation of appropriate muscle pathways by femoral motor nerves, and (3) the mechanism of action of electrical stimulation. Using the retrograde neurotracers fluorogold and fluororuby to backlabel motoneurons that regenerate axons into muscle and cutaneous pathways, we found the following. (1) There is a very protracted period (10 weeks) of axonal outgrowth that adds substantially to the delay in axonal regeneration (staggered regeneration). This process of staggered regeneration is associated with preferential motor reinnervation (PMR). (2) One hour to 2 weeks of 20 Hz continuous electrical stimulation of the parent axons proximal to the repair site dramatically reduces this period (to 3 weeks) and accelerates PMR. (3) The positive effect of short-term electrical stimulation is mediated via the cell body, implicating an enhanced growth program. The effectiveness of such a short-period lowfrequency electrical stimulation suggests a new therapeutic approach to accelerate nerve regeneration after injury and, in turn, improve functional recovery.
Functional recovery is often poor despite the capacity for axonal regeneration in the peripheral nervous system and advances in microsurgical technique. Regeneration of axons in mixed nerve into inappropriate pathways is a major contributing factor to this failure. In this study, we use the rat femoral nerve model of transection and surgical repair to evaluate (1) the effect of nerve transection on the speed of regeneration and the generation of motor-sensory specificity, (2) the efficacy of electrical stimulation in accelerating axonal regeneration and promoting the reinnervation of appropriate muscle pathways by femoral motor nerves, and (3) the mechanism of action of electrical stimulation. Using the retrograde neurotracers fluorogold and fluororuby to backlabel motoneurons that regenerate axons into muscle and cutaneous pathways, we found the following. (1) There is a very protracted period (10 weeks) of axonal outgrowth that adds substantially to the delay in axonal regeneration (staggered regeneration). This process of staggered regeneration is associated with preferential motor reinnervation (PMR). (2) One hour to 2 weeks of 20 Hz continuous electrical stimulation of the parent axons proximal to the repair site dramatically reduces this period (to 3 weeks) and accelerates PMR. (3) The positive effect of short-term electrical stimulation is mediated via the cell body, implicating an enhanced growth program. The effectiveness of such a short-period lowfrequency electrical stimulation suggests a new therapeutic approach to accelerate nerve regeneration after injury and, in turn, improve functional recovery.
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Injured mammalian peripheral nerves can regenerate over long distances (for review, see Fu and Gordon, 1997) . However, it is a common clinical experience that functional recovery does not ensue unless transected nerves are surgically repaired to guide regenerating axons into the growth environment of the distal nerve stump (Sunderland, 1978; Kline and Hudson, 1995) . Even then, surgical repair often fails to achieve significant functional recovery, particularly if the injury requires regeneration over long distances and, thus, months and even years of regeneration (Sunderland, 1978; Kline and Hudson, 1995) . These periods are much longer than predicted from reported regeneration rates of 1-3 mm/d and the latent period of 3-7 d for axons to regenerate across the surgical site and form functional connections (Gutmann et al., 1942; Sunderland, 1947 Sunderland, , 1978 Kline and Hudson, 1995) .
Axonal regeneration from the proximal stump into inappropriate distal pathways after nerve transection has been long recognized as a factor contributing to poor functional recovery (Langley and Hashimoto, 1917; Sunderland, 1978; Kline and Hudson, 1995) . For example, when regenerating motor axons enter Schwann cell tubes in the distal stump that lead to sensory nerve branches, they are directed to sensory end organs. Not only do these axons fail to establish functional contacts, they also exclude appropriate axons from entering the pathways that they occupy (Brushart, 1988) . However, Brushart (1988 Brushart ( , 1993 demonstrated previously that, after femoral nerve transection and repair, motoneurons preferentially reinnervate the quadriceps muscle when given equal access to motor and cutaneous pathways, a process called preferential motor reinnervation (PMR). During early stages of regeneration (2 and 3 weeks), an equal number of motoneurons project correctly to muscle and incorrectly to skin, with many projecting collaterals to both. It is not until later stages of regeneration (8 and 12 weeks) that incorrect collaterals are pruned and the majority of motoneurons project their axons to muscle (Brushart, 1988 (Brushart, , 1993 . Crush proximal to the intended transection site before the axotomy and repair produced PMR within 3 weeks (Brushart et al., 1998) . These findings are promising because they suggest that the generation of specificity can be accelerated in the adult. However, the need for intervention before nerve injury excludes clinical application.
The objective of this study is to determine whether electrical stimulation has the potential to become a viable clinical method for improving functional recovery after nerve transection. Previous studies have shown that electrical stimulation promotes sprouting and some early functional recovery (Nix and Kopf, 1983; Pockett and Gavin, 1985; Manivannan and Terakawa, 1994) . However, the effects of electrical stimulation on regeneration after nerve transection have not been evaluated in a comprehensive manner. We have quantified motor axonal regeneration to examine (1) the rate of reinnervation of distal nerve stumps after transection injury and (2) whether it is possible to use electrical stimulation to accelerate axonal growth and rein-nervation of distal stumps, and to promote the growth of regenerating axons into appropriate pathways.
MATERIALS AND METHODS
E xperimental design. E xperiments were performed on the adult rat femoral nerve in which motor axons preferentially reinnervate muscle pathways (Brushart and Seiler, 1988) . The femoral nerve normally contains cutaneous sensory fibers that branch to innervate the skin via the saphenous nerve. These are intermingled with sensory and motor fibers destined for the quadriceps muscle via the quadriceps muscle nerve (Fig.  1a) . One third of the axons derive from the ␣-motoneurons that innervate the skeletal muscle fibers (Brushart and Seiler, 1987) . Motor axons are found only in the muscle branch so that any motor reinnervation of the sensory branch represents a failure of specificity. E xperiments were approved by a local ethical committee (Health Science Laboratory Animal Services) under the C anadian guidelines for animal experimentation.
Nerve repair. E xperiments were performed under aseptic conditions on the left femoral nerves of young adult (220 -240 gm) female Sprague Dawley rats anesthetized with somnotol (30 mg / kg, i.p.). The proximal femoral nerve was sharply cut, 20 mm proximal to the bif urcation into cutaneous and muscle nerves. The proximal and distal stumps were then caref ully aligned and surgically joined within a 4-mm-long silastic nerve cuff (0.03 mm inner diameter; Dow Corning) by placing a single stitch of 9-0 Ethicon (Ethicon) through the epineurium of the proximal and distal stumps under 40ϫ magnification (n ϭ 45; Fig. 1b) . Six groups of rats were prepared; regeneration was assessed at 2, 3, 4, 6, 8, and 10 weeks after nerve transection and repair.
Electrical stimulation of a xotomized and repaired motoneurons. In experiments in which transected and repaired femoral nerves were electrically stimulated, two insulated Cooner wires (A 5632) were bared of insulation for 2-3 mm, and each was twisted to form a small loop to secure on either side of the nerve stump proximal to the suture site. The insulated wires were led to a custom-made stimulator that was encased in epoxy and covered with biocompatible silastic. The cathode was sutured alongside the femoral nerve just below its exit from the peritoneal cavity, whereas the anode was sutured to muscle close to the nerve, just proximal to the suture repair site. The wires were connected to a custom-made biocompatible implantable stimulator containing a light-sensitive diode, which turned the stimulator on and off by an external light flash (Fig. 1c) . We commenced stimulation immediately after nerve repair with supramaximal pulses (100 sec; 3V) delivered in a continuous 20 Hz train by the implantable stimulator. We chose a low stimulus frequency of 20 Hz because it is the physiologically relevant frequency of hindlimb motoneuron discharge (L oeb et al., 1987) . In the sham group of rats, the electrodes were implanted, but the stimulator was not switched on. The stimulated axotomized motoneurons and their regenerating axons were subject to short-term (1 hr or 1 d) or long-term (1 or 2 weeks) periods of continuous low-frequency electrical stimulation (n ϭ 95).
Tetrodotoxin application. After determining that electrical stimulation of axotomized and repaired peripheral nerves improved regeneration, we sought to determine whether the effects of electrical stimulation could be mediated via the cell body (see Results). We first determined the blocking doses of tetrodoxin (TTX) in acute in vivo experiments (Fig. 2) . Under general anesthesia (somnotol, 30 mg / kg, i.p.), the femoral nerve was exposed, and a laminectomy was performed to expose and cut the parent L2 and L3 ventral roots. Ventral roots were maximally stimulated (2ϫ threshold) via bipolar electrodes to evoke compound action potentials on the femoral nerve 20 mm from the bif urcation point to the muscle and cutaneous saphenous branches. Doses of TTX (30, 60, 120, and 240 mg /ml) were applied to the femoral nerve via a Vaseline well placed just outside the peritoneal cavity. The evoked responses on the femoral nerve distal to the TTX blockade were recorded in response to electrical stimulation of the two ventral roots at a rate of 20 Hz. Electrical responses were recorded over a time period of 45 min. The effective dose of TTX that blocked action potentials completely and reversibly was 60 mg /ml. We then applied this dose of TTX proximal to the stimulating electrodes before the femoral nerve transection, the surgical repair, and the 1 hr stimulation period. The electrodes and the TTX were removed before closing the wound site (n ϭ 16).
Retrograde labeling of motoneurons. At the end of the regeneration period, the muscle and cutaneous branches of the left femoral nerve were isolated, cut, and backlabeled with neurotracers to identif y the motoneurons innervating each branch (Fig. 1b) . Fluorogold (FG; Fluorochrome Inc., Denver, C O) and fluororuby (FR; dextran tetramethylrhodamine, D-1817; Molecular Probes, Eugene, OR) were the two dyes chosen because they are effectively endocytosed and retrogradely transported (Schmued and Fallon, 1986) . The muscle and cutaneous branches were cut 5 mm distal to the femoral bif urcation (25 mm from the repair site). In each rat, one branch was labeled with FG and the other with FR (in practice, the dye application was alternated between animals to control for possible differences in retrograde uptake and transport of the dyes). Backlabeling with FG was done by exposing the tip of the severed branch to 4% FG in 0.1 M cocodylic acid for 1 hr in a Vaseline well, after which it was extensively irrigated and reflected to a distant portion of the wound. Backlabeling with FR was done by placing the tip of the severed branch above a small weighing paper with FR crystals for 2 hr and then irrigating the nerve and placing it in the opposite corner of the wound to prevent cross-contamination by diff usion of tracers. Animals were kept for 72 hr after tracer application to allow the retrograde tracers to travel back to the neuronal cell bodies.
T issue fixation by cardiac perf usion. Rats were deeply anesthetized (somnotol, 0.12 ml /100 gm of body weight) and perf used through the left ventricle. A warm saline flush (100 ml) was followed by 500 ml of ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, over one-half hour. After perf usion, the lumbar spinal cord (T11-L1) that includes all the femoral motoneurons (Brushart and Seiler, 1987) was removed and post-fixed for 1 hr in 4% paraformaldehyde and then cryoprotected in 30% sucrose overnight. The tissue were frozen in isopentane cooled to Ϫ70C°and stored at Ϫ80C°until f urther processing (Neumann et al., 1996) . Motoneuron counting. The lumbar spinal cords were cut longitudinally at 50 m on a freezing microtome (Jung C M 3000). Sections were serially mounted on glass slides, dried, and coverslipped. Each spinal cord section was visualized at 20 -40ϫ under UV fluorescence at barrier filters of 580 nm for FR and 430 nm for FG. Motoneurons containing both FR and FG throughout the cell body were viewed by changing the fluorescent light (Fig. 3a) . Backlabeled motoneurons were counted by an observer who was unaware of which branch had received FG or FR. The counting of split cells twice was corrected for by the method of Abercrombie (1946) . In each group, motoneurons were scored as projecting axons (1) correctly to the muscle branch, (2) incorrectly to the cutaneous branch, or (3) simultaneously to both branches.
Statistical anal ysis. A one-way ANOVA was used to compare the mean number of motoneurons projecting axons to cutaneous and muscle branches within each group. A multifactorial ANOVA was used to compare the mean number of motoneurons projecting axons to cutaneous, muscle, and both branches among all groups. The same comparison was used for the stimulation, sham stimulation, and TTX groups. Statistical significance was accepted at the 0.05 level.
RESULTS

Emergence of PMR associated with staggered regeneration
At the established regeneration rate of 3 mm/d (Gutmann et al., 1942) , axons might be expected to regenerate over a distance of 25 mm in the course of 2 and, at most, 3 weeks. However, some regenerating femoral motor axons did not reach a point 25 mm from the site of surgical repair until 8 or 10 weeks later (Fig. 3b,c) . Axons thus cross the repair site and/or regenerate at different speeds. This staggered progressive reinnervation was associated with progressive preferential reinnervation of appropriate muscle pathways by the regenerating motor axons. Two and 3 weeks after nerve repair, an equal number of motoneurons regenerated their axons into appropriate and inappropriate muscle and cutaneous pathways, respectively (Fig. 3b,c) . In addition, a small but significant number regenerated axon collaterals into both branches, a group identified as being double labeled (Fig. 3a-c) . However, between 3 and 4 weeks the number of motoneurons with correct projections to the muscle branch increased significantly, with little change in the number that regenerated their axons into the cutaneous branch. As a result, the difference between the mean number (ϮSE) of motoneurons that regenerated their axons into muscle and cutaneous branches became statistically significant ( p Ͻ 0.05) (Fig. 3b,c) . When the backlabeling was performed at 6, 8, and 10 weeks after repair, there was a progressive increase in the number of motoneurons that regenerated specifically into the muscle branch, whereas the number in the inappropriate cutaneous branch apparently remained static (Fig. 3b) . The emergence of PMR thus occurs between 3 and 4 weeks and becomes very distinct by 10 weeks. A small proportion of these were accounted for by a small decline in double-labeled motoneurons, the interpretation being that axonal collaterals in the "wrong" cutaneous branch are withdrawn or pruned (Brushart, 1988 (Brushart, , 1993 . Thus the emergence of PMR occurs primarily as a result of the progressive regeneration of motor axons specifically into the appropriate muscle branch between 2 and 10 weeks. The number of motoneurons that regenerated into the inappropriate cutaneous branch did not change after 2 weeks, presumably because the motoneurons that regenerated thereafter are directed specifically into the appropriate muscle branch. Eight to 10 weeks were required for all injured motoneurons to regenerate their axons into distal branches. The mean number at 10 weeks (326 Ϯ 14) was not significantly different from the number of intact contralateral femoral motoneurons (338 Ϯ 8).
Short-and long-term electrical stimulation are equally effective in accelerating regeneration and PMR
The effects of electrical stimulation of the transected and surgically repaired femoral nerve were dramatic. We initially chose to stimulate for a 2 week period because motor axonal regeneration into cutaneous and muscle branches is equal 2 weeks after nerve repair in this model (Brushart, 1988 (Brushart, , 1993 Neumann et al., 1996) (Fig. 3b) . We found that 2 weeks of electrical stimulation at 20 Hz accelerated axonal regeneration, such that all motoneurons regenerated their axons within 3 weeks, in contrast to the 8 -10 weeks required without stimulation (Fig. 4) .
Acceleration of axonal regeneration by electrical stimulation was accompanied by accelerated preferential growth of these regenerating axons into appropriate muscle pathways and not into inappropriate cutaneous pathways (Fig. 4a) . The dramatic acceleration of both axonal regeneration and PMR by electrical stimulation is clearly seen when the total number of motoneurons that regenerated and those that regenerated into the muscle and cutaneous branches are plotted as a function of time after femoral nerve section and surgical repair (Fig. 4b-d) . As shown by the open diamonds, 2 weeks of electrical stimulation promoted axonal regeneration of all injured motoneurons by 3 weeks, compared with the normal 8 -10 week period required for all motoneurons to regenerate 25 mm from the suture site (Fig. 4b) . The increase in the total number of motoneurons regenerating is accounted for by a corresponding increase in the number that regenerated axons into the appropriate motor branch (Fig. 4c) . The number of motoneurons that regenerated their axons into Figure 2 . Diagrammatic representation of the experimental method used to establish the blocking dose of TTX on the femoral nerve. Bipolar-stimulating electrodes placed on each of the two ventral roots that supply the motor fibers in the femoral nerve were stimulated supramaximally, and the evoked action potential was recorded on the femoral nerve distal to the application of TTX to the nerve. Doses of 60 mg/ml were found to be effective in completely blocking action potential conduction (see the text for further details). VR, Ventral root. the sensory branch did not increase significantly between 2 and 10 weeks. Noticeably, however, the variability in this number decreased substantially as a function of time (Fig. 4d) . Although there was also a trend for the number of double-labeled motoneurons to decline with stimulation, the numbers were not statistically different ( p Ͼ 0.05).
To optimize the potential use of electrical stimulation for clinical nerve repair, we progressively reduced the duration of low-frequency continuous electrical stimulation from 2 weeks to 1 hr. Whether the proximal nerve stump was electrically stimulated at 20 Hz for a 2 week period or for as little as 1 hr (Fig. 4) , the stimulation accelerated axonal regeneration so that all axotomized motoneurons regenerated by 3 weeks (Fig. 4b) . This is well illustrated by comparing the effectiveness of short-and long-term electrical stimulation with the effects of sham stimulation on the number of motoneurons that were backlabeled from the muscle and cutaneous sensory nerve branches 3 weeks after cutting and repairing the femoral nerve (Fig. 5) . We made the comparison at 3 weeks after nerve repair, at a time when the number of motoneurons that have regenerated is still ϳ50% of the total and PMR has not emerged in sham-stimulated femoral nerves. The histograms in Figure 5 demonstrate that short-and long-term stimulation were equally effective in increasing the number of motoneurons that regenerated their axons into the muscle branch without affecting the number that regenerated into the inappropriate cutaneous branch.
The dramatic effect of electrical stimulation in accelerating regeneration and PMR is consistent from animal to animal (Fig. 5b,c) . The contrast between the number of motoneurons that regenerated axons in the distal nerve branches after 1 hr of stimulation compared with sham stimulation demonstrates (1) incomplete axonal regeneration and lack of preferential motor reinnervation, 3 weeks after femoral nerve transection and repair without stimulation, and (2) the effectiveness of electrical stimulation in increasing the number of motoneurons that regenerated their axons over a 25 mm distance. The consistency between individual animals is particularly striking in the context of the inherent variability of surgical procedures (Fig. 5b,c) . Our data thus demonstrate that we can reduce the duration of continuous low-frequency stimulation and still accelerate motor axonal regeneration in the appropriate muscle pathways to result in preferential motor reinnervation.
The positive effect of short-term electrical stimulation is mediated via the cell body
The effectiveness of only 1 hr of stimulation of the axotomized motoneurons suggested that the site of action of the electrical stimulation could be the cell body, possibly by initiating the growth program earlier. To test this hypothesis, we blocked the retrograde transmission of action potentials to the cell body as well as the afferent-evoked anterograde excitation of the motoneurons using a TTX block of sodium channels. We found that the TTX blockade completely prevented the effect of the 1 hr stimulation (Fig. 6) . These experiments localize the site of action of the electrical stimulation to the cell body.
DISCUSSION
In this study, we used an adult rat peripheral nerve transection and surgical repair model to demonstrate that axons continue to reinnervate the distal pathway for protracted periods of up to 10 weeks. At a regeneration rate of 3 mm/d, many axons that would be expected to regenerate over a distance of 25 mm in 2-3 weeks did not do so until 8 -10 weeks had elapsed. This process of gradual or staggered reinnervation is associated with progressive reinnervation of appropriate muscle pathways by regenerating motor axons (PMR). We have also demonstrated that both the staggered axonal regeneration and PMR can be accelerated by electrical stimulation of the axotomized motoneuron. This posi- Figure 3 . Counting the number of femoral motoneurons that regenerated their axons into the appropriate muscle branch and into the inappropriate cutaneous sensory branch and those that regenerated axons into both. a, Retrogradely labeled motoneurons that had regenerated their axons into the appropriate muscle branch (mu; fluororuby) or the inappropriate cutaneous sensory branch (cu; fluorogold) and those that regenerated axons into both (b; double labeled). b, The mean number of backlabeled motoneurons that regenerated into the appropriate muscle branch (mu; filled bars), the inappropriate cutaneous branch (cu; stripped bars), and both branches (b; open bars) 2, 3, 4, 6, 8, and 10 weeks after femoral repair. c, The mean number Ϯ SE of total backlabeled motoneurons (All ) that regenerated their axons into the appropriate muscle branch (Muscle) and into the inappropriate cutaneous branch (Cutaneous) as a function of time after femoral nerve transection and repair.
tive effect of electrical stimulation is mediated at the cell body and requires as little as 1 hr of electrical activity.
Staggered axonal regeneration
When the femoral nerve was cut and surgically reunited, the number of motoneurons that regenerated their axons over a 25 mm distance increased to a maximum by 8 -10 weeks after repair (Fig. 3) . Because this number equaled the total number of motoneurons that supplied the intact femoral nerve in the contralateral leg, it is evident that all motoneurons eventually regenerated their axons across the suture line. However, this process occurred gradually over a 10 week period. The speed of axonal regeneration has classically been determined by measuring the distance from the injury site at which a pinch stimulus evokes a response (Young and Medawar, 1940) . The widely reported rate of regeneration of 3 mm/d (Gutmann et al., 1942; Seddon et al., 1943; Sunderland, 1947; for review, see Sunderland, 1978) thus describes only the outgrowth of the fastest-growing sensory axons. The prolonged period over which axons regenerate across a surgical repair would thus evade detection. Although this prolonged period has long been suspected on the basis of clinical experience (Sunderland, 1978; Kline and Hudson, 1995) , this is the first experimental quantification of the prolonged duration of axonal regeneration after a surgical cut and repair. A distance of 25 mm is traversed by waves of regenerating motor axons that arrive at the point of backlabeling at widely different times. Interestingly, this finding is quite consistent with and provides a clear explanation for "unpublished findings of an unusually broad peak of axonally transported radioactivity in regenerating nerves after transection injuries" that were reported in the paper of Forman and Berenberg (1978) .
Because the fastest axons regenerate at a rate of 1-3 mm/d, delays of days and weeks must occur before many axons enter the distal nerve stumps or as they propagate within it. The former possibility was suggested by the drawings of Ramon y Cajal (1928) of the tortuous pathways taken by growth cones crossing from proximal to distal nerve stumps. Characteristically, axonal sprouts emerge from the first node of Ranvier proximal to an injury with many axon collaterals (5-20) entering the distal nerve stump (Morris et al., 1972; Mackinnon et al., 1991) . Nonetheless, sprouts may bud from even more proximal nodes (Mackinnon et al., 1991) that could have the effect of staggering regeneration. In addition, it is possible that the outgrowth of many daughter axon collaterals from the parent axon slows axonal regeneration. Perhaps axons with multiple sprouts grow slowly until enough sprouts are pruned to allow routing of most structural materials to the dominant sprout that, thereafter, regenerates more rapidly. It is conceivable that axon collaterals from a motoneuron regenerated into both muscle and cutaneous nerve branches but that, at the time of backlabeling at 2 weeks and a distance of 25 mm from the site of entry of the regenerating axons into muscle or cutaneous pathways, most of the inappropriate collaterals were removed or pruned so rapidly that they were not detected in the wrong pathways as double-labeled motoneurons or as motoneurons with axons in the sensory branch.
Electrical stimulation and accelerated axonal regeneration
Electrical stimulation dramatically accelerated axonal regeneration. Electrical stimulation, applied immediately after surgical repair of the cut femoral nerve, promoted the regeneration of all motor axons over a 25 mm distance from the surgical site in 3 weeks. The regenerating axons required 8 -10 weeks to reach this level without stimulation (Fig. 3b,c) . This finding substantiates the conclusions that electrical stimulation can accelerate axonal regeneration that were drawn from experiments that detected slightly earlier and larger electromyographic signals and accelerated recovery of force in reinnervated rabbit soleus muscles after crush injury (Nix and Kopf, 1983) . The acceleration of axonal regeneration is much more dramatic in our study, probably because (1) the nerve section injury prolonged the period of axonal outgrowth from the proximal nerve stump more than did the crush injury and (2) there are substantial delays associated with the reformation of nerve-muscle connections that are avoided by determining the number of motoneurons that regenerated into the distal nerve stump.
Preferential motor reinnervation
Findings that femoral motor axons regenerated equally into the appropriate muscle and cutaneous branches of the nerve 2-3 weeks after nerve repair are quite consistent with previous findings of Brushart (1988 of Brushart ( , 1993 . With continued regeneration, preferential reinnervation of the muscle nerve (PMR) was demonstrated at 8 and 12 weeks. Our present study evaluated this process at more frequent intervals (2, 3, 4, 6, 8, and 10 weeks).
The progressive increase in correct projections from week 4 to week 10 paralleled a large increase in the total number of motoneurons regenerating (Fig. 3b,c) . Hence PMR emerges with time concurrent with a progressive increase in the number of motoneurons that regenerate their axons into the distal nerve stumps. Differences between the number of motoneurons that regenerated into the muscle compared with that into the cutaneous nerve branches became more prominent as the number of motoneurons that participated in the regeneration increased. It was particularly striking that the emergence of the PMR was directly associated with the increased numbers of motoneurons that regenerated axons specifically into the muscle nerve as opposed to the cutaneous nerve. In fact, the mean number of motoneurons mean (120) that had regenerated their axons inappropriately into the cutaneous nerve branch remained unchanged from 2 weeks onward. This finding suggests that a mechanism capable of directing highly specific regeneration becomes activated 3 weeks after repair. The presence of the L2/HNK-1 carbohydrate in muscle but not in cutaneous pathways and its selective upregulation by regenerating motor axons suggest that it may participate in this process (Martini et al., 1994) . Although there was a small decline in the number of motoneurons that regenerated into both muscle and cutaneous branches with time, the "pruning" is a relatively minor contributor to the emergence of PMR in adult rat nerve regeneration compared with juvenile (cf. Brushart, 1990 Brushart, , 1993 .
Electrical activity accelerates PMR
Electrical stimulation accelerated both axonal regeneration and the development of PMR. The difference between the number of motoneurons projecting to muscle and that to cutaneous branches of the femoral nerve normally seen 8 weeks after nerve repair was present after only 3 weeks (Fig. 4a) . This dramatic effect of electrical stimulation mimicked the effects of a proximal crush in accelerating PMR (Brushart et al., 1998) . Interestingly, under both conditions, the PMR was associated with increased numbers of motoneurons that regenerated their axons into the distal nerve stump [compare the present study, Fig. 4a , with Brushart et al. (1998) , their Fig. 2] . 
Electrical stimulation accelerates axonal regeneration and PMR via the cell body
Tetrodotoxin blockade of action potentials to the cell body abolished the effects of electrical stimulation on the speed and the specificity of motor axonal regeneration. This suggests that electrical stimulation produces its effects at the level of the cell body. These findings are consistent with in vitro evidence of depolarization-induced calcium entry into the cell body that is associated directly with upregulation of immediate early genes, initiation of gene expression, and neurite outgrowth (Kocsis et al., 1994) . One possibility is that electrical stimulation may mediate its positive effect on regeneration by enhancing the cell body response that, in turn, is partially attributed to an enhanced production of the neurotrophin brain-derived neurotrophic factor (BDNF) and its high affinity receptor TrkB. BDNF and TrkB mRNA and protein levels are elevated after axotomy of motoneurons (Meyer et al., 1992; Funakoshi et al., 1993; Piehl et al., 1994; Kobayashi et al., 1996; Fu and Gordon, 1997) . BDNF has also been shown to promote phenotypic maintenance after motoneuron axotomy (Yan et al., 1994) . Moreover, the expression of BDNF and TrkB has been shown to be regulated by neuronal activity (Zafra et al., 1990 (Zafra et al., , 1991 Tao et al., 1998) and physiological stimuli (Castren et al., 1992) .
Significance
One hour of electrical stimulation dramatically accelerates both axonal regeneration and PMR in the adult rat femoral nerve transection and repair model. Both of these effects have the potential for clinical application. Acceleration of regeneration would counteract the delay in reinnervation of pathways and end organs that compromises functional outcome (see Gordon, 1995a,b, 1997) . Augmentation of PMR could improve recovery after injuries to nerve trunks containing both cutaneous and muscle axons. One hour of stimulation can easily be applied during peripheral nerve surgery. The promising and potential usefulness of the technique clearly warrants further investigation.
